Identifying individual residues in the interfaces of protein-RNA complexes is important for understanding the molecular determinants of protein-RNA recognition and has many potential applications. Recent technical advances have led to several high-throughput experimental methods for identifying partners in protein-RNA complexes, but determining RNA-binding residues in proteins is still expensive and timeconsuming. This chapter focuses on available computational methods for identifying which amino acids in an RNA-binding protein participate directly in contacting RNA.
Introduction
RNA-binding proteins (RBPs) are key regulators of cellular and developmental processes [ 1 ] , playing pivotal roles in the posttranscriptional splicing and localization of mRNAs [ 2 -5 ] , mediating the activities of noncoding RNAs (ncRNAs) [ 6 , 7 ] and even "moonlighting" as metabolic enzymes [ 8 , 9 ] and promoting phase transitions to generate stress granules inside cells [ 10 ] . Defects in RBPs and ribonucleoprotein particles (RNPs) have been linked to immunological disorders [ 11 ] , cancer [ 12 , 13 ] , and neurodegenerative diseases in humans [ 5 , 14 ] . Still, even though the human genome encodes more than 1500 different RNA-binding proteins [ 15 , experiments can be used to identify RNA-binding residues that are required for function (e.g., site-specifi c mutagenesis) or residues that are either required for high affi nity binding or are located in close proximity to RNA in protein-RNA complexes, either in vivo or in vitro (e.g., co-immunoprecipitation assays, cross-linking mass spectrometry, yeast 3-hybrid assays, footprinting, and electrophoretic shift assays (reviewed in refs. [ 1 , 27 , 38 ] ).
The development of high-throughput CHIP and RNASeqbased methods that employ a combination of in vivo cross-linking and immunoprecipitation (e.g., RIP-Chip, HITS-CLIP, PAR-CLIP, iCLIP, and CRAC) has made it possible to identify RNAs bound by specifi c proteins on a genome-wide scale (reviewed in refs. [ 1 , 39 , 40 ] ). Along with these advances, several powerful integrated biochemical/bioinformatics approaches can identify both the target RNAs and the specifi c ribonucleotides recognized by the RNA-binding proteins [ 41 -43 ] . In contrast, at present, there are no truly high-throughput experimental approaches for identifying interfacial residues in the protein component of a protein-RNA complex, although CLAMP [ 44 ] and other cross-linking and combined cross-linking mass spectrometry methods can identify interfacial residues in both the protein and RNA [ 37 , 45 , 46 ] . Despite all of these impressive advances, the cost and effort involved in the experimental determination of protein-RNA complex structures and/or identifying specifi c RNA-binding residues in proteins, has created a need for reliable computational approaches that can predict the most likely RNA-binding residues in proteins.
Computational approaches to predicting protein-RNA interfaces have been the topic of several recent reviews and benchmark comparisons [ 31 , 47 -50 ] . These approaches can be broadly classifi ed into sequence-and structure-based methods [ 31 , 47 ] . Sequence-based methods use sequence-derived features (such as amino acid identity or physicochemical properties) of a target residue and its sequence neighbors to make predictions. Structurebased methods use structure-derived features (such as solvent-accessible surface area or secondary structure) of a target residue and its sequence or structural neighbors to make predictions. Both sequence-based and structure-based approaches could, in theory, take advantage of recognizable RNA-binding motifs in RBPs and protein-binding motifs in their RNA targets. But, although hundreds of RNA-binding domains, motifs and signatures are annotated in the InterPro resource [ 51 ] , at present there is no comprehensive database focused specifi cally on RNA-binding motifs in proteins ( see Note 2 ). For protein-binding motifs in RNA, there is a valuable compendium of "RNA-binding motifs" (i.e., RNA motifs recognized by RBPs) [ 22 ] and excellent databases of RNA sequence motifs and binding specifi cities [ 41 , 43 ] , which provide experimentally determined recognition sites in RNA for a large number of RBPs. Also, one of the protocols provided here, PS-PRIP ( see Subheading 3.3 ) employs a dataset of interfacial sequence motifs from RBPs and their targets to predict RNAbinding residues and protein-binding residues in the RNA component of specifi c protein-RNA complexes [ 52 ] .
Recent benchmark comparisons of software and servers for predicting RNA-binding residues in proteins [ 31 , 47 ] have demonstrated that the performance of methods that require only sequence information is often superior to that of methods that require structural information. One reason for this is that the best sequence-based methods encode sequences using PSSMs (PositionSpecifi c Scoring Matrices) ( see Note 3 ), which capture powerful evolutionary information from large multiple alignments of homologous sequences. In considering potential RNA-binding residues in a specifi c protein of interest, however, the user is strongly encouraged to take advantage of any available structural information, especially in evaluating the validity of predictions. For example, in most cases, RNA-binding residues are located on the solvent-exposed surface of the protein. Any predicted RNAbinding residues that are buried in the three-dimensional structure of a protein should be viewed with suspicion, although buried interfacial residues in "unbound" protein structures can become exposed due to conformational changes in the protein that occur upon RNA binding [ 28 , 53 -55 ] .
Another way in which structural information can be exploited to accurately identify potential RNA-binding residues is illustrated in the so-called "homology-based" approaches. Homology-based approaches take advantage of the observation that RNA-binding residues are often conserved across homologous proteins [ 56 , 57 ] . Thus, if a "bound" structure is available for a close sequence homolog of the query protein, the RNA-binding residues of the query protein can be inferred, based on their alignment with the known RNA-binding residues in the homologous sequence. When applicable, homology-based approaches provide the most reliable computational predictions of RNA-binding sites, but they have an important limitation: if no homologs with experimentally determined bound structures are available for the query protein, no predictions can be generated. This limitation can be overcome by combining a homology-based method, with a machine learningbased method, which can return predictions for every residue in any protein. This is the strategy employed by RNABindRPlus ( see Subheading 3.2 ), which combines a PSSM-based Support Vector Machine (SVM) with a homology-based method to generate highly reliable predictions [ 57 ] , and by SNBRFinder ( see Subheading 3.3 ), which combines an SVM classifi er that uses sequence profi les, residue conservation scores, physicochemical properties and interface propensities, with a homology-based method that uses profi le hidden Markov models (HMMs) to search for the homologs [ 58 ] .
The major goal of the chapter is to provide a step-by-step protocol for predicting RNA-binding residues in proteins, with a focus on machine learning and homology-based methods. In keeping with the theme of this volume, the methods outlined here are sequence-based; they do not require structural information regarding the protein of interest. We also provide a brief guide to accessing and utilizing stateof-the-art computational methods, web servers and databases that provide information about interfaces in protein-RNA complexes and/or predictions of RNA-binding residues in proteins. For additional information, the reader is referred to two excellent reviews: a recent review by Si et al. [ 50 ] , which includes a comprehensive table of available sequence, structure and docking based methods; and a review by Tuszynska et al. [ 59 ] , which focuses on structural dockingbased approaches which are not considered here.
In this chapter, we focus on currently available web-based computational tools for interface prediction, i.e., predicting which specifi c amino acid residues in an RNA-binding protein are involved in recognition of and binding to RNA. A few tools are also capable of predicting the converse, i.e., which ribonucleotides in the bound RNA directly contact the protein of interest (e.g., [ 52 , 60 , 61 ) ]. Software and servers for partner prediction, i.e., predicting which RNA(s) bind to a specifi c protein of interest (or vice versa ) in a protein-RNA complex or a protein-RNA interaction network, are not described here, but have been reviewed elsewhere [ 62 -65 ] . Tools for predicting whether or not a query protein is likely to bind RNA are also available (e.g., Tartaglia [ 39 , 66 , 67 ) ]. but are not considered here.
The protocol involves two major steps (illustrated in Fig. 1 ):
Step 1: Determine whether experimental data regarding RNAbinding residues in the query RNA-binding protein (or putative RNA-binding protein) are already available. This step is described in Subheading 3.1 , which outlines strategies for exploiting available online databases and servers (provided in Table 1 below) that provide structural data regarding protein-RNA complexes, or focus on RNA-binding proteins, RNAbinding motifs, or protein-RNA interactions.
Step 2: If known RNA-binding residues cannot be identifi ed using available resources, or if the user wishes to identify additional potential interfacial residues, use one (or, preferably, all three) of the following web-based tools for predicting RNA-binding residues in protein-RNA complexes:
• RNABindRPlus ( see Subheading 3.2 )-a hybrid machine learning/sequence homology-based approach developed by our group [ 57 ] which requires only sequence information for the protein(s) of interest. The accuracy of this and similar sequence-based methods from other groups is generally greater than that obtained using structure-based methods.
• SNBRFinder ( see Subheading 3.3 )-a method developed by Yang et al. [ 58 ] , which can predict either RNA-or DNA-binding residues in proteins by combining a machine learning method with a template (homology)-based method. The key differences between SNBRFinder and RNABindRPlus are: (a) inputs to the SVM classifi er in SNBRFinder include sequence profi les and other sequence descriptors such as residue conservation scores, physicochemical properties, and interface propensities, whereas the only inputs to the SVM for RNABindRPlus are sequence PSSMs; (b) SNBRFinder uses profi le hidden Markov models to fi nd remote homologs for the query protein, whereas RNABindRPlus uses BLAST searches.
• PS-PRIP ( see Subheading 3.4 )-a new motif-based method developed by our group [ 52 ] , which can predict interfacial residues in both the protein and the RNA components of a protein-RNA complex and can provide "partner-specifi c" predictions. We encourage users to submit their proteins of interest to all three web servers described in this protocol because the underlying algorithms and datasets used for training and evaluating performance are different in each case, and the methods have different strengths and weaknesses. Even though all three methods have been shown to provide highly reliable predictions on benchmark datasets, it is not possible to guarantee an accurate prediction for any specifi c RNA-binding protein with any of these methods. 
Materials
Before using computational methods to predict RNA-binding residues, the user should fi rst search for existing experimental data regarding interfacial residues in the specifi c RNA-binding protein(s) of interest, both in published literature and in relevant specialized databases. The "gold standard" for identifying RNA-binding residues in proteins is analysis of a high resolution three-dimensional structure of the protein bound to its cognate RNA, i.e., a "bound" structure of the complex containing the protein bound to RNA. The Protein Data Bank (PDB) [ 68 ] and the Nucleic Acid Database (NDB) [ 69 ] are two comprehensive databases of experimentally determined structures, from which residue and atomiclevel information regarding the interfaces in macromolecular complexes can be extracted. Table 1 provides URLs for these two primary databases, followed by an alphabetical listing of several databases that contain valuable information about protein-RNA complexes and their interfacial residues, either derived from structures in the PDB/NDB or from other types of experiments. A suggested strategy for utilizing selected resources from this list is provided in Subheading 3.1 below.
There are more than 20 published approaches for predicting RNAbinding residues in proteins (for a recent compilation, see [ 50 ] ), and a few methods are capable of predicting interfacial residues in both the protein and the RNA components of a protein-RNA complex (e.g., [ 52 , 82 ] ). Subheadings 3.2 -3.5 below focus on three methods (RNABindRPlus, SNBRFinder, PS-PRIP) that are freely available on web-based servers and have been shown to perform well on benchmark datasets. Table 2 lists these and several additional methods. Please note that not all of these are currently available as web-based servers.
RNABindRPlus [ 57 ] is a purely sequence-based method for predicting RNA-binding residues in putative RNA-binding proteins. It uses logistic regression to combine predictions from HomPRIP, a sequence homology-based method, with predictions from SVMOpt, an optimized Support Vector Machine (SVM) classifi er. The SVM classifi er utilizes sequence-based PSSMs as features. HomPRIP makes highly accurate predictions of RNA-binding residues when homologs (with solved structures) of the query protein can be found, but a major drawback is that no predictions are returned when no such homologs can be found. Additionally, HomPRIP cannot return predictions for parts of the query protein sequence that are not aligned with its homologs. This limitation of HomPRIP is overcome by combining it with a machine learningbased method, SVMOpt, which returns predictions for every residue in any protein sequence. RNABindRPlus was trained on the RB198 dataset, and tested on two different datasets, RB44 and RB111. On a subset of proteins for which homologs with experimentally determined interfaces could be reliably identifi ed, HomPRIP outperformed all other methods, achieving an MCC of 0.63 on RB44 and 0.83 on RB111. RNABindRPlus was able to predict RNAbinding residues of all proteins in both test sets, achieving an MCC of 0.55 on RB44 and 0.37 on RB111, and outperforming all other methods, including structure-based methods (e.g., KYG [ 86 ] ). RNABindRPlus http://ailab1.ist.psu.edu/RNABindRPlus/ A predictor that combines an optimized SVM classifi er with a sequence homology-based method to predict RNA-binding residues in proteins [ 57 ] RNApin http://www.imtech.res.in/raghava/rnapin/ An SVM classifi er that predicts protein-interacting nucleotides (PINs) in RNA [ 61 ] SNBRFinder http://ibi.hzau.edu.cn/SNBRFinder/ A sequence-based hybrid predictor that combines a feature-based predictor and a template-based predictor to predict nucleic-acid binding residues in proteins [ 95 ] SPOT-Seq-RNA http://sparks-lab.org/yueyang/server/SPOT-Seq-RNA/ A template-based technique for predicting RBPs, RNA-binding residues and complex structures [ 95 ] Predicting Rna-Binding Sites
Databases of
SNBRFinder is a sequence-based predictor that combines predictions from a Support Vector Machine (SVM) classifi er, SNBRFinder F , with predictions from a template-based classifi er, SNBRFinder T . SNBRFinder F utilizes a sliding window of the target residues and fi ve neighboring residues on each side to represent the sequential environment. The features used as inputs to the classifi er include the sequence profi le, residue conservation scores, predicted structural features, physicochemical properties, interface propensity, sequential position, and two global features, sequence length and the global amino acid composition.
SNBRFinder T is a template-based method, i.e., a method that utilizes sequence or structural alignments to retrieve homologs/ templates of a query protein and then infer binding residue information for the query protein. SNBRFinder T uses the HHblits program [ 96 ] to identify homologs of the query protein. HHblits represents both the query and database sequences using profi le hidden Markov models (HMM), and then compares the two to identify homologs of the query protein. For each query and homolog pair, a probability score is output for evaluating the similarity between the aligned HMMs. The higher the score is, the better the alignment is and vice versa. Specifi cally, a residue in the query protein is predicted to be RNA-binding with a probability score of 1 if it is matched with a binding residue in the homolog, otherwise the residue is predicted to be non RNAbinding with a probability score of 0.
On the RB44 [ 31 ] dataset, SNBRFinder had an MCC of 0.48, whereas RNABindRPlus had an MCC of 0.49. In terms of AUC values, SNBRFinder and RNABindRPlus achieved very similar results, with both getting 0.84. [ 52 ] is a motif-based method that predicts interfacial residues for both the RNA and protein components of protein-RNA complexes in a partner-specifi c manner ( see Note 4 ). PS-PRIP requires as input the sequences of both the RNAbinding protein and its putative bound RNA(s). Although no structural information is required, PS-PRIP exploits the cooccurrence of specifi c pairs of short protein and RNA sequence motifs (5 amino acids long and 5 ribonucleotides long) from a database of motifs extracted from interfaces in known protein-RNA complexes from the PDB. On an independent dataset of 327 RNA-protein pairs, PS-PRIP obtained a sensitivity of 0.64, precision of 0.80, and MCC of 0.59 compared to RNABindRPlus with values of 0.88, 0.76, and 0.71, respectively. In addition to providing predicted RNA-binding residues in proteins, PS-PRIP makes predictions of protein-binding residues in RNAs, although with much lower accuracy. Other methods designed to predict protein-binding residues in RNA have been published recently (e.g., [ 61 , 82 ] ).
PS-PRIP
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Methods
Currently, all computational methods for predicting RNA-binding residues in proteins return only predicted interfacial residues, even when the actual interfaces are known from experimental data. Thus, before using software to predict potential RNA-binding residues, the user should search published literature and existing databases for experimentally identifi ed interactions involving the protein of interest ( see Note 5 ). If the query protein is newly discovered or has no known function, the user should fi rst search for potential homologs using a BLAST search. As outlined below, both the original query sequence and its homologs can be used to search databases of known protein-RNA interactions, such as those listed in . If the query sequence itself is not available in one of the NCBI or ENSEMBL databases, potential homologs identifi ed by BLAST can be used as the query for subsequent searches in the databases listed in steps 2-6 below ( see Note 8 ).
2. If the query protein has been previously identifi ed and/or analyzed, a search using the NCBI "Protein" tool may quickly reveal previously annotated RNA-binding domains or motifs and links to experimentally determined structures. Enter the name of the protein (or name of a potential homolog, identifi ed in step 1 ) into the box provided here: ( http://www.ncbi.nlm. nih.gov/protein/ ). In the list of "Items" returned, click on the protein name from the appropriate organism to access the full GenBank protein entry. Then, examine information on the right side of the GenBank protein page; for example, if a high resolution structure is available, it will appear under the "Protein 3D Structure" header. Under the "Related Information" header, click on "Conserved Domains (Concise)" or "Conserved Domains (Full)" to access any annotated RNA-binding domains (or other conserved domains) identifi ed in the protein sequence. The "Conserved Domains" results page also provides links to available three-dimensional structure(s) similar to that of the query protein, if available. Other links on this page can lead to additional information regarding potential RNA-binding domains in the protein of interest ( see Note 9 ).
Searching Existing Literature and Databases for Relevant Experimental Data
3. In every case, the user should search the Protein Data Bank (PDB), available at www.rcsb.org [ 68 ] for any available structures of protein-RNA complexes that contain the protein of interest. The PDB contains over 1600 three-dimensional structures of protein-RNA complexes determined using experiments such as X-ray crystallography, nuclear magnetic resonance (NMR) imaging, and cryo-electron microscopy. The PDB has a powerful search engine that allows the database to be queried in a variety of ways, e.g., by protein (or RNA) name, sequence, or GO terms. The PDB also provides excellent structure visualization tools as well as links to valuable thirdparty resources for visualizing and analyzing the structures of macromolecules ( see Note 10 ).
4. Similarly, the Nucleic Acid Database (NDB ), available at http:// ndbserver.rutgers.edu [ 69 ] , is another valuable resource that focuses on experimentally determined three-dimensional structures of nucleic acids, including both protein-RNA and protein-DNA complexes. The NDB contains only a subset of structures in the PDB, making it easier for the user to focus on structures that contain RNA. Also, the NDB provides convenient access to a wide variety of tools and software specifi cally designed for analyzing RNA sequences and structures ( see Note 11 ).
5.
If it is possible to identify a structure for the query protein-RNA complex (or a homologous complex) in one of the previous steps, the user can quickly obtain a graphical representation of the protein-RNA interface, using PDBSum [ 70 , 71 ] available at: https://www.ebi.ac.uk/thornton-srv/databases/cgibin/pdbsum/GetPage.pl?pdbcode=index.html . Enter the 4-letter PDB code in the box provided and click "Find." At the top of the PDBSum entry page that appears, click on the "DNA/RNA" link to access a page listing all of the nucleic acid chains in the complex. Then click on " NUCPLOT" to visualize the ribonucleotides that are contacted by individual amino acids, as well as additional information (backbone vs. phosphate group contacts, hydrogen bonding, etc.). Another way to identify the RNA-binding amino acids is to click on the "Protein" link at the top of the page to reveal a diagrammatic representation of the protein sequence, in which Residue Contacts to DNA/RNA are labeled. Tools for visualizing, analyzing and manipulating the structure are provided by both the PDB and NDB ( see Notes 10 and 11 ). See Table 1 for additional tools that provide detailed information about the interfacial residues (e.g., NPIDB [ 74 ] , DBBP [ 75 ] 12 and 13 ).
5. The user has the option of excluding highly similar proteins from the homolog list, at the desired sequence identity level by selecting the check box at the bottom of the submission page.
To obtain the most reliable predictions, leave this option blank ( see Note 15 ).
6. Once all submission fi elds have been fi lled, click on the "Submit" button. The user will receive an email confi rming that the job is currently running. RNABindRPlus results will be returned to the user by email.
7. Figure 2 shows results returned by RNABindRPlus for the S5 protein from the 30S ribosomal subunit of T. thermophilus , which corresponds to protein chain E, in PDB structure 1HNX). Figure 2a shows the Results Summary email, which contains several links that can be clicked to display selected portions of the results. Figure 2b ( Interface Prediction Results) displays predictions from three different methods: HomPRIP (homology-based method), SVMOpt (optimized SVM) and RNABindRPlus (which combines predictions from HomPRIP and SVMOpt). The fi rst section of output for each method (e.g., Prediction from HomPRIP), is a list of the predictions for each residue, where "1" corresponds to predicted interfacial residues (i.e., RNA-binding) and "0" corresponds to predicted non-interfacial residues. The second section of output (e.g., "Predicted score from HomPRIP") gives the probability score for each residue (where a probability of ≥0.5 means the residue is an interface residue, otherwise it is a non-interface residue). Figure 2c ( Homologs of the query protein ) displays a list of homologous proteins identifi ed by HomPRIP, the homologybased component of RNABindRPlus, along with their corresponding interface conservation scores (IC_scores) ( see Note 16 ). These are the homologous proteins used for inferring RNA-binding residues in the query protein using HomPRIP. Figure 2d ( All potential homologs in the PDB ) shows only a portion of the output providing information about all potential homologs found in the PDB for the query protein.
SNBRFinder is a sequence-based hybrid predictor that combines predictions from a Support Vector Machine method, SNBRFinder sequence profi les and other sequence descriptors, such as residue conservation scores, physicochemical properties, and interface propensities. SNBRFinder T uses profi le hidden Markov models to fi nd remote homologs of the query protein sequence, but the basic methodology used for building the classifi er is similar to that used in RNABindRPlus.
1. Access the SNBRFinder web server at http://ibi.hzau.edu.
cn/SNBRFinder/index.php .
2. Use the radio buttons provided to choose one of three different options for submitting a protein sequence: (a) enter the amino acid sequence in FASTA format; (b) upload a protein sequence fi le by clicking on "Browse File"; or (c) input UniProt IDs for retrieval ( see Note 17 ).
3. The user has the option of fi ltering out proteins homologous to the query protein sequence by specifying a sequence identity threshold. By default, the method excludes homologous templates that share ≥30 % sequence identity. To obtain the most reliable predictions, leave this option blank ( see Note 18 ). ) denotes the number of amino acids in the query protein; num_residue2 shows the number of amino acids (e.g., 150) in the homolog of the query protein (e.g., 3KNJ, chain E); num_int is the number of binding residues (e.g., 50) in the homolog of the query protein; Bit_score (e.g., 322) gives an indication of the quality of the alignment between the query protein and its homolog-the higher the score, the better the alignment; Evalue is the number of hits expected by chance when searching the database of homologous proteins-the lower the Evalue, the more signifi cant a match to a database sequence is; Positive_Score gives an indication of how many amino acids in the query protein were at least similar to the amino acid sequences found in the database; IdentityScore gives an indication of how many exact matches the query protein had with amino acid sequences in the database; alignment_length is an indication of the number of residues in the query protein aligned with homologs from the database; aligLen_Query is the alignment_length divided by the length of the query protein; aligLen_ Homolog is the alignment_length divided by the length of the homolog of the query protein 4. Because SNBRFinder can predict either RNA-or DNAbinding residues in proteins, the user should select the binding nucleic acid type (RNA) from a drop-down list. By default, the selection is "DNA."
5. Before clicking on the "submit" button, the user can optionally enter an email address. After the job is submitted, a webpage showing the job id and indicating that the job is running should appear. This page also includes the URL where prediction results will be posted, after they become available. If an email address was provided, the URL will also be included in the email. Typically, results are returned to users after about 15 min.
6. Figure 3 shows results returned by SNBRFinder for the S5 protein from the 30S ribosomal subunit of T. thermophilus, which corresponds to protein chain E, in PDB structure 1HNX. Figure 3a shows a summary of the results, in which the query sequence is Only a portion of the returned results is shown displayed with predicted interfacial residues highlighted in red text; the query sequence name, length, nucleic acid type, as well as the PDB ID of the optimal template used for making the prediction, the HHscore, if any ( see Note 19 ) , and the % sequence identity (between the query and the optimal template) are also provided. For this example, SNBRFinder was not able to fi nd an optimal template, so HHscore and sequence identity have a value of N/A. Figure 3b shows a graphical representation of the results, which displays a plot of the Fscore and Cscore for each residue, and the Cscore threshold above which a residue is considered an interfacial residue ( see Note 20 ). Because no optimal template was found for 1HNX chain E, the Fscore is equivalent to the Cscore. Figure 3c shows a detailed results table, which lists each amino acid residue, along with its associated Fscore, Tscore (if any), and Cscore, as well as the "tag" for each amino acid ("+" for interfacial residue, "-" for non-interfacial residue). Figure 3d shows a portion of the results in plain text format, which can be obtained by clicking the "Download the result" link in the top right corner of the "Result" page.
PS-PRIP (Partner-Specifi c protein-RNA Interface Prediction) is a sequence motif-based method that can simultaneously predict interfacial residues for both the RNA and protein components of protein-RNA complexes [ 52 ] ( see Subheading 2.5 ). PS-PRIP is a partner-specifi c method ( see Note 4 ), which means that, given the sequences of a protein and several potential interacting RNAs, it can identify which amino acid residues contact each RNA binding partner. In other words, if the protein binds to different RNAs using distinct (or overlapping) interfaces, PS-PRIP can distinguish between these RNA-binding sites. PS-PRIP requires both the protein sequence and its partner RNA sequence as input. If the user does not have any potential RNA sequence(s) for testing, methods such as RPI-Seq or catRAPID can be used to infer potential partner RNAs for a specifi c protein (reviewed in refs. [ 62 -65 ] ). In addition to the sequences of the protein and its RNA-binding partners, PS-PRIP utilizes a dataset of interfacial motifs extracted from solved protein-RNA complexes in the PDB [ 68 ] . For predicting RNA-binding residues in proteins, the use of such interfacial motifs by PS-PRIP appears to provide improved precision over RNABindRPlus and other sequence-based interface prediction servers [ 52 ] . At present, the RNA-binding residues predicted by PS-PRIP are much more reliable than the proteinbinding residues predicted in the bound RNA component.
1. Access the PS-PRIP server at http://pridb.gdcb.iastate.edu/ PSPRIP/index.html .
2. Enter a protein sequence and the sequence for an RNA known or expected to be its binding partner in plain text format (protein sequence only and RNA sequence only, without any header information) into the text boxes provided on the homepage ( see Note 21 ). Then click the "Submit" button.
3. Figure 4 shows results returned by PS-PRIP for the S5 protein from the 30S ribosomal subunit of T. thermophilus , which corresponds to protein chain E, in PDB structure 1HNX. In this case, the 16S rRNA corresponding to RNA chain A in the 1HNX structure was provided as input to PS-PRIP, in order to obtain a
Using PS-PRIP to Predict Both RNA-Binding and Protein-Binding Residues in RNPs
"partner-specifi c" prediction. On the results page, the S5 protein sequence and 16S rRNA sequences are displayed. In the lines below each sequence, the interfacial residues are indicated by a string of 1's and 0's, where "1" and "0" correspond to predicted interfacial and non-interfacial residues, respectively. (4), and a larger number by PS-PRIP (12) . In this particular example, "better than average" results were obtained because the S5 protein is a highly conserved component of the 30S ribosomal subunit. For the S5 protein, the RNA-binding residues predicted by PS-PRIP are less reliable than those predicted by RNABindRPlus and SNBRFinder. But, because the sequence of the bound RNA is also available, PS-PRIP also returns predictions for protein -binding residues in the 16S rRNA, which the other two servers cannot do. This example illustrates that although the overall performance of PS-PRIP was superior in terms of precision when tested on a benchmark dataset [ 52 ] , both RNABindRPlus and SNBRFinder may perform better on certain proteins. Given the purpose of this chapter, the important point is that all three servers predict similar patches of RNA-binding residues, providing the user with a remarkably accurate prediction of the RNA-binding residues in the S5 protein, without using any structural information in order to make these predictions. In closing, we again encourage users to submit query protein(s) of interest to at least two or three different servers from the list in Table 2 , and to evaluate predictions in the context of the 3D structure, if available. All prediction results should be interpreted with caution: the computational tools are intended to help users identify the most probable RNA-binding residues in proteins, i.e., to generate hypotheses that can limit the number of experiments needed to determine RNA-binding residues using biochemical or biophysical approaches.
Notes
1. RNA-binding residues in proteins or other "interfacial residues" in the interface formed when a protein binds RNA (or DNA or another protein) are typically defi ned in one of two ways: (a) using a contact distance threshold, e.g., an interfacial residue is any amino acid with a heavy atom within n Å of a heavy atom in the bound RNA (where n typically ranges from 3.5 to 8 Å); (b) residues whose accessible surface area is reduced by >1 Å 2 upon complex formation [ 101 ] . It is very important to take into account how interfacial residues are defi ned when comparing the performance of various computational methods for predicting RNA-binding residues in proteins [ 47 ] .
2. Two databases that once provided comprehensive information about interfaces in protein-RNA complexes in the PDB are no longer up-to-date: PRIDB [ 76 ] and BIPA [ 72 ] . Efforts to update PRIDB are underway. Two resources that are currently maintained and provide detailed information about interfaces in RBPs include: NPIDB [ 74 ] and DBBP [ 75 ] .
3. A position-specifi c scoring matrix (PSSM) is a type of weighted scoring matrix derived from a set of aligned sequences that are considered to be homologous or functionally related [ 102 ] . PSSMs can be very sensitive because they capture important evolutionary information by exploiting the large number of protein sequences currently available.
4.
A partner-specifi c prediction method takes into account the potential interacting partner(s) in predicting interfacial residues. For example, if a protein binds two distinct RNAs, RNA-1 and RNA-2, a partner-specifi c method will return one set of amino acids that specifi cally interact with only RNA-1, and a second set of amino acids that specifi cally interact with only RNA-2. Note that the two sets of RNA-binding residues may overlap.
5. At present, none of the available servers for predicting RNAbinding residues in proteins provide the user with existing information regarding experimentally determined RNAbinding residues (i.e., the servers always return predicted RNA-binding residues, which may not be the same as the actual interfacial residues determined by experiment 12. Currently, there is a wait of approximately 10 min per protein sequence submitted to RNABindRPlus. The rate-limiting step is generating the PSSMs using PSI-BLAST [ 98 ] . To obtain results more quickly, the user is encouraged to split large jobs into several smaller submissions (e.g., if the user would like to submit 100 proteins, she/he should submit 5 smaller jobs of 20 proteins each).
13. A faster version of this server, FastRNABindR , is under development. When it becomes available, a link to FastRNABindR will be provided on the RNABindRPlus website ( http:// ailab1.ist.psu.edu/RNABindRPlus/ ).
14. The user should submit the protein sequence in upper case letters to the RNABindRPlus web server. Note that this server predicts RNA-binding residues in proteins, so RNA nucleotides are not valid input.
15. The homology-based component of RNABindRPlus, HomPRIP , searches for homologs of the query protein.
Excluding similar sequences (>30 % sequence identity) ensures that the homolog and the query protein are not the same. This is useful for stringently evaluating performance of RNABindRPlus in comparison with other methods, but is not the best strategy for a user interested in identifying potential RNA-binding residues. To obtain the best possible prediction of RNA-binding residues, the user should take full advantage of all available homologous sequences (i.e., should not eliminate any potential homologs).
16. The IC_score (interface conservation score) measures the correlation between the interface and non-interface residues of a query protein Q and its putative sequence homolog H when the two are aligned. It is a measure of how well the RNAbinding residues of Q are conserved (and subsequently, can be predicted from known interface residues of homologous proteins) in protein H. However, computing the IC_score requires knowledge of interface residues in both the query protein and its homolog. Fortunately, for a query protein with unknown RNA-binding residues, the IC_score can be estimated using BLAST alignment statistics between Q and H [ 57 ] .
17. SNBRFinder allows submission of at most fi ve sequences each time, for any of the submission options. When entering multiple UniProt IDs, IDs should be separated by commas.
18. Like RNABindRPlus, SNBRFinder allows the user to specify which sequences to exclude when searching for homologous templates, using a sequence identity cutoff. Protein templates that are more similar to the query protein are likely to return better results than templates that are less similar. The sequence identity cutoff utilized depends on the user's objective ( see Note 15 ). To obtain the best possible prediction of RNAbinding residues, the user should take full advantage of all available homologous sequences. In contrast, for a rigorous performance comparison with other methods, a lower sequence identity cutoff should be used (i.e., to evaluate the sensitivity and specifi city of the methods).
19. HHscore is a score that indicates the similarity score between the query protein and its best homolog/template.
20. SNBRFinder calculates the probability score of each residue being an RNA-binding residue using the following formula: 
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. A current limitation of PS-PRIP is that it has a minimum length requirement for both the protein and RNA sequences: proteins must be ≥25 amino acids in length and RNAs must be ≥100 nucleotides in length.
